tors, particularly sodium and potassium, have been implicated in human hypertension on the basis of circumstantial evidence.3`Guyton and associates6 have recently emphasized that the kidney functions as the final common pathway of blood pressure regulation in both the normotensive and hypertensive state through its control of the excretion of salt and water. They suggest that factors which operate on the kidney and influence its excretion of salt and water are responsible for the development of hypertension. Aberrancies in the handling of salt and water in the normotensive state may have bearing on the development of hypertension, particularly in individuals in societies that consume diets high in sodium and low in potassium. We have previously observed that blacks, who have a greater prevalence of hypertension in the United States than whites,7 respond differently to sodium administration than age-and sex-matched whites.8 Their response may place them at a disadvantage in the "high sodium-low potassium" dietary environment which is characteristic for most of Western society.
In this report we have expanded our preliminary observations to include 347 normotensive persons -270 white and 77 black. We studied blood pressure and humoral responses after volume expansion and volume contraction in this population, and observed differences not only between whites and blacks, but also between subjects of different ages. These differences may provide insight into the development of hypertension in some people.
Methods
Since January 1, 1974, the blood pressure, natriuretic, kaliuretic and humoral responses of 347 normotensive subjects after volume expansion and volume contraction have been studied by the Specialized Center of Research in Hypertension at the Indiana University Medical Center. The normotensive subjects were solicited by advertisement and hospitalized at the Indiana University Research Center. The protocol was approved by the Indiana University Medical Center Human Use Committee, and all patients gave informed consent after a detailed explanation of the procedures.
Each subject was instructed to collect a 24-hour urine specimen the day before admission (control day 1). In the first 24 hours after admission (control day 2) , the subjects received a regular hospital diet which contained 150 mEq sodium and 70 mEq potassium. Ad lib salt intake was provided. We took a careful history, gave a physical examination, took supine and standing measurements of blood pressure, and obtained baseline hemogram, plasma electrolytes, and tests of renal function. Blood pressure measurements on this and subsequent days were obtained four times daily in the supine and upright positions by specially trained nurses using mercury manometers (Baum, Inc, New York, New York). The fifth Korotkoff component, or point of sound disappearance, was accepted as the diastolic pressure. Mean arterial blood pressure was calculated from the summation of one-third the pulse pressure and the diastolic pressure.
Sodium-Loading Day
On the day after control day 2, the suppressibility of the renin-angiotensin-aldosterone system and the natriuretic response after saline infusion were determined.9 At 6 a.m., blood samples were obtained for measurement of sodium, potassium, creatinine, plasma renin activity (PRA) and plasma aldosterone concentration (PA). The subjects then assumed an upright posture (standing or walking) until 8 a.m., when the PRA and PA measurements were repeated. After tion until noon while receiving a 4-hour intravenous infusion of 2 liters isotonic saline (500 ml/hr). At noon, a 4-hour urine collection for electrolytes and creatinine was terminated and blood was obtained for PRA and PA, as well as sodium, potassium and creatinine determinations. After the infusion, the subject was permitted to move about and received the 150-mEqsodium, 70-mEq-potassium diet. At 10 p.m., a 10hour urine collection was terminated. At 8 a.m. the next morning, a 10-hour "sleep" urine collection was completed. The total sodium intake on this day was 458 mEq. Twenty-four-hour collections were available on all 347 subjects; "awake and sleep" fractionations were obtained on 254 subjects during both the sodium-loading and sodium-depletion portions of the protocol.
Sodium-Depletion Day
The morning after saline administration, at 6 a.m., blood was taken for electrolytes, creatinine, PRA and PA. The PRA and PA measurements were repeated after 2 hours of ambulation at 8 a.m. The diet on this day was limited to 10 mEq sodium, 70 mEq potassium and 25 ml water/kg body weight. Furosemide (40 mg) was given orally at 10 a.m., 2 p.m., and 6 p.m. An "awake" urine collection was terminated at 10 p.m. and a "sleep" specimen completed at 8 a.m. the morning after sodium depletion. To evaluate the response of PRA and PA to the stimulus of upright posture after sodium and volume depletion, blood was again sampled after 2 hours of ambulation at 8 a.m.
Analvtical Methods
Since comparison of natriuretic and kaliuretic responses after standardized maneuvers requires accurate estimates of prior sodium and potassium intake, we compared the subjects according to three estimators of sodium and potassium intake, namely: 1) the control day 1 outpatient 24-hour urine collection before admission; 2) acceptance of only those control day 1 urine collections containing at least 80% of the total creatinine measured on the sodium-loading day; and 3) an inpatient 24-hour urine collection (control day 2).
Sodium, potassium and creatinine concentrations in blood and urine were measured by an IL flame photometer and standard autoanalyzer techniques (Technicon, Tarrytown, New York). PRA and PA concentrations were measured by previously reported immunoassay techniques.'0 One-, two-and three-way analyses of variance and single or multiple linear regression analysis were performed by means of a computerized statistical program, as appropriate."
The data were particularly examined for interactions among age, race and sex, and dependent variables such as natriuresis, kaliuresis, PRA and PA concentrations.
Results
The characteristics of the 347 subjects are outlined voiding completely, they assumed the recumbent posi- 644 CIRCULATION in table 1. The subjects were categorized into six groups: white men, black men, white women, black women, all whites and all blacks. The mean ages of the subject groups were similar; the white subjects ranged in age from 14-77 years, while the black subjects ranged in age from 16-62 years. The weights of all whites and all blacks were similar. Men had greater plasma creatinine concentrations than women (p < 0.05). The plasma sodium and potassium concentrations of the groups were not different. Control day 1 outpatient 24-hour urine collections were available on 269 white and 76 black subjects (table 1). In these specimens the urinary sodium and urinary potassium excretion of white subjects exceeded that of black subjects (p < 0.05). When only those urinary specimens containing at least 80% creatinine of the sodium loading day were considered, white subjects excreted 172 ± 6 mEq sodium/24 hours, while black subjects excreted 156 ± 11 mEq sodium/24 hours (p < 0.05). Similarly, whites excreted more potassium, 59 ± 2 vs 43 ± 2 mEq/24 hours (p < 0.05). The 24-hour urine collections obtained on control day 2 (table 1) revealed similar sodium excretion for white and black men and all whites and all blacks. On this day, black women excreted more sodium than white women (p < 0.05). The potassium excretion on control day 2 was uniformly less for black subjects than for white subjects (p < 0.05). The 24-hour urine creatinine excretion of whites and blacks was similar on all days tested, suggesting that the reliability of the urine collections was not different between blacks and whites. We could not identify consistent interactions among age, race or sex and sodium or potassium excretion on these days. Figure 1 depicts the mean arterial blood pressure of whites and blacks. On the day of admission and on control day 2, the pressures of whites and blacks were not significantly different; however, after saline administration, the pressures of blacks exceeded those of whites significantly (p < 0.001). After that the pressures of blacks remained significantly higher compared with whites (p < 0.001) until the day after furosemide. The differences between blacks and whites in blood pressure stem from the fact that the pressures of whites decreased after hospital admission, while those of blacks did not decrease until after furosemide was administered. Table 2 outlines the urinary sodium and potassium excretion after volume expansion with saline and volume contraction with furosemide. During saline infusion blacks and whites did not differ with respect to sodium excretion; however, blacks excreted consistently less potassium (p < 0.05). During the awake period after saline infusion, the white men and women excreted more sodium and more potassium than blacks. During sleep, however, blacks excreted more sodium than whites (p < 0.05), while the potassium excretion of the groups were similar. During the entire 24-hour period of the salt load, the white men and white women excreted more sodium and potassium than the black men or black women (p < 0.001). These differences were still apparent when the analyses were repeated controlling for blood pressure differences between blacks and whites.
When younger than 40 years of age (198 white and 63 black) and 40 years of age and older (74 white and 16 black), we observed no difference in sodium excretion during saline administration; however, in the ensuing awake period the younger subjects excreted 232 ± 5 mEq sodium, while the older subjects excreted 170 ± 8 mEq sodium (p < 0.001). During sleep the older subjects excreted more sodium, 72 ± 4 mEq sodium, than the younger subjects, 65 ± 2 mEq sodium (p < 0.05); however, for the entire 24-hour period the younger subjects excreted 344 ± 5 mEq sodium, compared with 310 ± 9 mEq sodium for the older subjects (p < 0.001). Since most of the black subjects were younger, no racial comparisons of the two age groups were feasible. During the furosemide effect (table 2) , black men excreted more sodium than white men (p < 0.05), a difference which made the natriuretic responses of all black subjects after furosemide greater than those of all white subjects (p < 0.05). The urinary electrolyte excretion during sleep revealed no differences between whites and blacks.
Again, no consistent interactions were detected among the variables age, race and sex, and natriuresis, kaliuresis and the humoral responses. Multiple regression analysis of sodium and potassium excretion vs age, race, sex, weight and mean blood pressure were also performed. The most frequent correlates for sodium and potassium excretion were age, race and weight; however, the regressions, while significant, explained less than 25% of the variation in the excretion of these electrolytes. Table 3 displays the PRA and PA responses of the subjects. In the entire population, upright posture and furosemide stimulated PRA and PA, while saline administration markedly suppressed PRA and PA. Blacks had lower PRA values than whites in the upright state before saline (p < 0.05), as well as at the end of the saline infusion. Blacks again had lower PRA values with upright posture before furosemide than whites (p < 0.05). Similarly, furosemide did not stimulate PRA to the same degree in blacks as it did in whites (p < 0.05). Supine and upright PA values before the saline were similar in blacks and whites. After saline, whites had a greater suppression of PA than did blacks (p < 0.05). Before furosemide, whites and blacks had similar PA values regardless of posture. After furosemide, the supine PA values of blacks and whites were not different; however, after assuming upright posture, whites had greater PA values than blacks (p < 0.05).
In the entire population there was an inverse association between age and PRA before saline administration (r = -0.31), after saline (r = -0.28), before furosemide (r = -0.41), and after furosemide (r= -0.39). The relationships between age and PA were similar. Age and PA were inversely associated before saline (r = -0.24), after saline (r = -0.23), before furosemide (r = -0.43), and after furosemide (r= -0.29). Age was also inversely associated with creatinine clearance (r = -0.17). We also examined the plasma renin and aldosterone data for interactions of age, race and sex by multivariable analysis, but found no consistent interactions.
Eighty-eight of the subjects admitted a history of hypertension within their immediate families, while 245 subjects denied any family history of hypertension. The initial state of electrolyte intake of these two groups of subjects were not different. When subjected to volume expansion and volume contraction maneuvers, their blood pressure responses, electrolyte excretory patterns, PRA responses and PA values were not significantly different. Moreover, when blacks who had a family history of hypertension were compared with whites who had a family history of hypertension, we observed the same differences described for the entire population.
Discussion
These results suggest that there are consistent differences in the responses to volume expansion and contraction between whites and blacks, as well as among subjects of different ages. Although black subjects excreted the same amount of sodium during volume expansion as white subjects, in the 20 hours $Significant difference between all whites and blacks (p <0.05).
Abbreviations: PRA = plasma renin activity; PA = plasma aldosterone.
after saline administration they excreted consistently less sodium than the white subjects. Moreover, the lag in sodium excretion in blacks occurred during the 10 hours after the salt load. Their excretion of sodium during sleep actually exceeded that of whites, but was not sufficient to allow them to equal their white counterparts. The relative sodium retention in blacks may have been in part responsible for the higher mean arterial blood pressure in the black subjects compared with that of whites, after salt loading. The difference in blood pressure persisted until the completion of the natriuresis induced by furosemide. Sodium retention in blacks was also reflected by the significantly lower PRA seen the morning after the salt load (table 3) . These findings corroborate and extend our earlier observations that age-and sex-matched blacks failed to excrete a sodium load as effectively over a 24-hour period as whites.8 In the present study, blacks had lower PRA values than whites after the stimuli of upright posture and volume contraction with furosemide. Lower PRA values after volume contraction in normotensive blacks compared with whites has been previously described by Kaplan et al.'2 On the morning of the salt load, the PRA values of supine white and black subjects were not significantly different. The PRA values of blacks were suppressed to a greater degree than those of whites after 2 liters normal saline.
Moreover, 24 hours later, the PRA values of black subjects were suppressed compared with those of whites, regardless of posture. The PRA suppression observed in blacks is consistent with their relative sodium retention compared with that of whites.
PA values in blacks were similar to those in whites, with two exceptions. After the infusion of 2 liters normal saline the PA values of blacks were greater than those of whites. Twenty hours later we observed no differences in PA. The fact that PA in blacks failed to suppress as promptly as PA in whites after saline infusion may account in part for the blunted sodium excretion observed in blacks. The observation that PRA values after the intravenous salt load were not different in whites and blacks suggests that the adrenal cortex of blacks is more sensitive to circulating angiotensin II, or that PA in blacks is subject to regulatory mechanisms which are different from those of whites. After volume contraction with furosemide the PA values of whites and blacks were similar, even though blacks had lower PRA values. With the additional stimulus of upright posture, the PA values of whites exceeded those of blacks.
The differences between whites and blacks in response to volume expansion and contraction cannot be attributed to differences in sodium intake, since the 24-hour urinary sodium excretion of whites and blacks on control day 2 was not significantly different. Furthermore, glomerular filtration rate, as reflected by plasma creatinine and creatinine clearance, was the same in both races. Renal blood flow was not measured in our study; however, other investigators have shown no difference in the renal blood flows of normotensive whites and blacks. '3 Some observers have attributed the higher prevalence of hypertension in blacks to greater sodium intake by blacks.'4 Grim et al., 15 as well as Langford and Watson,16 found that this was not the case. Both groups reported not only a similar intake of sodium in blacks compared with whites, but also a lower intake of potassium by blacks. In our study, blacks excreted less sodium and potassium in an outpatient 24-hour urine specimen (control day 1) than whites. The lesser potassium excretion in blacks persisted throughout the entire series of experiments, suggesting that blacks do ingest less potassium than whites. Meneely3 emphasized the importance of potassium intake on blood pressure regulation. Although our black subjects were not in the same state of potassium balance as the white subjects, their plasma potassium concentrations were not different. The role of total body potassium depletion in the genesis of the responses we observed remains unknown.
Recently Levy et al. ' 3 identified racial differences in urinary kallikrein activity between normotensive whites and blacks. They found that kallikrein, an enzyme that catalyzes the formation of bradykinin, a natriuretic and vasodilatory peptide, is excreted in lesser amounts by black than by white normotensives. A decreased generation of bradykinin at a given state of sodium balance could have contributed to a blunted natriuretic response after sodium in our black subjects. Margolius et al.'7 found that urinary kallikrein excretion in normal subjects increases with a high potassium intake. This observation underscores the potential importance of the consistently lower potassium excretion in our black subjects compared with their white counterparts.
Helmei'8 noted the higher prevalence of hypertension and renin suppression in blacks, and speculated that since blacks originally inhabited semitropical areas where sodium is not abundant and dietary sodium intake is low, they may have evolved more efficient mechanisms of renal sodium conservation than whites. Indeed, blacks have developed more efficient means of temperature regulation than whites, including secretion of less sweat per hour than whites at a given work load.'9 A slower natriuretic response could place blacks at a disadvantage when they are exposed to the higher sodium intake of industrial societies. The possibility that blacks may excrete sodium less effectively than whites is especially interesting, since hypertension with PRA suppression, a form which may be associated with salt and water retention,20 is more common among black than white hypertensives.2' 23 It is also found more often in the elderly. In addition, preliminary observations from our laboratory suggest important differences between jected to extremes of sodium intake. 24 We gave normal male volunteers sodium loads up to 1500 mEq/day under carefully controlled conditions, and noted that the relationship between mean arterial blood pressure and the state of sodium balance (UNNV) was different between whites and blacks. At the higher salt loads, blacks had higher blood pressures than whites for a given state of sodium balance, suggesting that blacks were more sensitive to the blood pressure-elevating effect of salt than whites.
The same pattern of sodium excretion that occurred in the black subjects was also observed in subjects older than 40 years of age compared with subjects younger than 40 years. The great majority of these older subjects were white. They excreted significantly less sodium during the 24-hour period encompassing the saline load than the younger subjects. Their natriuretic responses were blunted during the 10 hours after the saline infusion. During sleep, they excreted more sodium than the younger subjects. The blunted natriuretic responses of the older subjects may be attributed to changes in glomerular filtration. The kidneys of older subjects are less able to excrete an acutely administered salt load than kidneys of younger people, primarily because the glomerular filtration rate decreases with age. 25 PRA and PA are inversely associated with advancing age, as demonstrated by several groups of investi-gators26-28 and as corroborated by the present data. The mechanism responsible for the lower PRA and PA values in older persons is unknown. Weidman et al. 28 suggested that nephrosclerosis or other morphologic or functional alterations normally occurring in the aging kidney, or both, may lead to a reduction in renin release. Nephrosclerosis is observed in the aging kidney even in the absence of hypertension. 29 Davidson et al.30 studied renal arteriograms from autopsy specimens of subjects who were clearly normotensive. They found changes in the intrarenal arterial pattern of a normotensive aging population similar to those observed in hypertensives. The authors did not compare white and black subjects and whether racial differences exist in the histologic or roentgenographic appearance of the renal vasculature of normal subjects is unknown. However, such comparisons have been made between white and black hypertensives. Levy et al. 3 ' observed more severe nephrosclerosis in black hypertensives than white hypertensives. The groups were similar in age and in severity of hypertension. It is possible that the racial differences observed in the present study were related to intrarenal vascular changes that were accelerated in blacks. Such changes could have resulted in alterations in intrarenal hemodynamics that affected sodium handling before causing a significant decrease in glomerular filtration.
We have confirmed previous, preliminary observations that blacks have a relatively delayed natriuretic response after volume expansion compared with whites, and that their PRA values remain suppressed compared with whites even after volume depletion or normotensive blacks and whites when they are sub-649 upright posture. These characteristics were also ob-served in a predominantly white population of subjects older than 40 years. The greater prevalence of hypertension in both blacks and older subjects may be related to blunted natriuretic responses when these groups ingest the high sodium-low potassium diet characteristic of our society.
